A good quality of rainfall data is highly necessary in hydrological and meteorological analyses. Lack of quality in rainfall data will influence the process of analyses and subsequently, produce misleading results. Thus, this study is aimed to propose modified missing rainfall data treatment methods that produced more accurate estimation results. In this study, the old normal ratio method and the modified normal ratio based on trimmed mean are combined with geographical coordinate method. The performances of these modified methods were tested on various levels of the missing data of 36 years complete daily rainfall records from eighteen meteorology stations in Peninsular Malaysia. The results indicated that both modified methods improved the estimation of missing rainfall values at the target station based on the least error measurements. Modified normal ratio based on trimmed mean with geographical coordinate method is found to be the most appropriate method for station Batu Kurau and Sg. Bernam while modified old normal ratio with geographical coordinate is the most accurate in estimating the missing data at station Genting Klang.
InTRoDuCTIon
Rainfall data is one of the most important climate variables that play a significant role in supplying vital information for environmental planning. A good quality of rainfall data is very important in representing the climatological characteristics truly for an efficient environmental analysis. Moreover, the results accuracy of climatological analyses is extremely dependent on the quality of rainfall data used. Lack of good quality rainfall data will have bad implication on the process of analyses and subsequently, leads to biased results of the analysis.
However, rainfall time series often carries an uncertainty (such as outliers) due to temporal and spatial variability of rainfall measurement, which will affect the quality of data. Furthermore, factors such as faulty instruments, relocation of stations, and human negligence during the measurement of rainfall may affect the continuity of the rainfall records [1] . These problems will affect the estimation output and subsequently, produce inaccurate results. Concerning this situation, this study introduced a practical and reliable approach for developing estimation methods to impute the incomplete (in other words, missing) rainfall data in effort of providing a good quality dataset for public domain.
The effort of filling up the incomplete rainfall records has recently received much attention from many researchers. Various different estimation methods have been applied by the previous studies to fulfill this effort. Nevertheless, the normal ratio (NR) has become the most commonly used method in estimating missing rainfall data as stated in the previous studies [1] [2] [3] [4] [5] [6] [7] . Although the NR method is a traditional method, it is still applied by many researchers, such as [3] and [7] , due to its simplicity and efficiency in handling the missing data.
The normal ratio method has recorded a long history of treating missing values in rainfall time series. The application of NR method in estimating missing rainfall records was pioneered by [8] . They compared three estimation methods-including the NR method-in imputing the missing data for the United States Weather Bureau database. They found that the performance of the NR method is the most effective for their study.
The NR method was then modified by [5] and [6] through the adaption of correlation coefficients and the effect of distance in the original version of NR method to estimate the missing values in the Malaysian monthly rainfall data. This method is subsequently improved by [1] with some revisions to the methods proposed by [5] and [6] through the combination of these methods with the inverse distance weighting (IDW) method in proposing a more accurate method in estimating the missing daily values in Peninsular Malaysia's rainfall time series. This modified method was revealed to perform very well from its application in the study. The development of the NR method is continually being explored and is recently being studied by [1] , [7] , and [9] . Similar to [1] , [7] also used both versions of the NR method in their study to estimate the missing values in Turkish monthly meteorological data. They compared this method to more sophisticated methods and found that more robust results were produced by the latter.
Geographical coordinate (GC), another simple method that was recently applied in estimating missing rainfall data is also considered in this study. [9] and [10] applied GC method in imputing the missing annual rainfall values in the Iranian time series. They have compared the method and NR with the other advance methods. However, from the priority ranking that they made, it is discovered that the advance methods outperformed these methods.
From all previous applications of the NR method, it can be concluded that it has high capability in estimating missing rainfall records. Therefore, due to its simplicity, NR is considered to be an evergreen method in imputing missing data. However, currently, the limitations of the NR method are disclosed from its applications as found in literature. Thus, it is deeply necessary to revise the NR method in order to enhance its performances.
Consequently, this study is aimed to propose modifications onto the NR method, which will result in more accurate estimations of missing rainfall values. The modification involved the combination of NR with the recently used missing data estimation method, GC method. The methods were compared to existing methods to evaluate its performance in imputing the missing rainfall data based on root mean square error, coefficient of variation root mean square error, and mean absolute error.
MATERIALS AnD METHoDS

Data Description
The main research area of this study is located in the region of Peninsular Malaysia. Eighteen rainfall measuring stations were selected throughout this region for the purpose of analysis. Table 1 lists the stations with their geographical and statistics information. Three stations were considered as the target station; Batu Kurau, Sg. Bernam, and Genting Klang. This study assigned the neighbouring stations to the target station based on the stations within the radius of 300 km (see Table 2 ). Figure 1 shows the locations of these stations on a topographic map of Peninsular Malaysia. The target and the neighbouring stations are marked as circles () and squares (), respectively. The information of these stations was obtained from the Malaysian Drainage and Irrigation Department (DID). The complete daily rainfall records of a period of 36 years; from January 1, 1975 to December 31, 2010 were used.
Methodology
Existing methods
Normal ratio method: Normal ratio method is based on the mean ratio of data between the target station and the neighboring stations. [8] proposed old normal ratio (ONR) in estimating missing rainfall records. ONR considered the application of arithmetic mean in the weighting factor. The method is given as follows:
where t µ and i µ are the sample mean of the available data at target station t and i th neighboring station respectively; t Y is the missing data at the target station t; i Y is the concurrently observed data at the i th neighboring station; and N is the number of surrounding stations Geographical coordinate method: Geographical coordinate (GC) method is one of the weighting methods used in imputing the missing rainfall values. This method applied inverse of geographical coordination (the longitude and the latitude) to determine weight coefficient. In GC method, target station is considered as the center point of coordinate system. The distance of each surrounding station is computed according to the center point. The method is as follows:
where i x and i y are the longitude and latitude i th neighboring station;
t Y is the missing data at the target station t; i Y is the concurrently observed data at the i th neighboring station; and N is the number of surrounding stations
Modified methods: Some modifications have been made to the existing method. The modifications involved the adaptation of robust element into the weighting factor and the combination of both existing methods in order to improve the accuracy of estimation results.
Modified old normal ratio with geographical coordinate method:
Combination of both existing methods is proposed in this study as ONRGC method. ONR is often found to be one of the best estimation methods among the researchers. This study attempts to adapt the location element in the method to upgrade its performance. The modification can be expressed as follows:
Modified normal ratio based on trimmed mean with geographical coordinate method: By considering the robust element, the arithmetic mean in ONR method is replaced by trimmed mean to reduce the effect of extreme values exist in rainfall data. The complete rainfall dataset are trimmed 20% before the mean is calculated (20% was selected because it provided the most accurate results among 1, 5, and 10 trimming percentage). The modified normal ratio based on trimmed mean (NRTR) is then combined with the GC method (named as NRTRGC method) and this effort is expected could possibly increase the accuracy of the method. The method is described as follows: 
APPLICATIon oF ESTIMATIon METHoDS
For this purpose of identifying the most appropriate estimation methods to imputing the missing rainfall values, the complete rainfall time series of the target stations were artificially created by randomly removing parts of the data. Six different level of missingness, i.e. 5%, 10%, 15%, 20%, 25%, and 30%, were considered in this study in order to assess the consistency of the estimation results. The estimation methods were then applied to estimate the missing values based on the information obtained from their neighboring stations. The error of the estimated and the observed values were calculated based on root mean square error (RMSE), coefficient of variation root mean square error (CVRMSE), and mean absolute error (MAE) to identify the most appropriate estimation method in imputing the missing data.
RESuLTS
The proposed methods, i.e. ONRGC and NRTRGC were compared to the existing methods, i.e. ONR and GC in imputing the missing daily rainfall data at three target stations (Batu Kurau, Sg. Bernam, and Genting Klang) based on three performance criteria. The results are ranked due to their priority and presented in Table 3 for RMSE, Table 4 for CVRMSE and Table  5 The comparison of modified and existing methods with different levels of missing data are depicted in Figure 2 based on the RMSE, CVRMSE, and MAE. Station Batu Kurau is selected as the example. The plots show that the methods were not too sensitive to the varying levels of the missing data. However, it could be seen that the results accuracy of the estimation methods are slightly decreased with the increase of the missingness level. It also shows that the modified methods, ONRGC and NRTRGC, were found to be the most accurate for all missing percentages compared to the existing ones, based on the least error measurements. This can be concluded that the proposed methods produced the most accurate estimation of missing rainfall values as expected. 
ConCLuSIon
ONRGC and NRTRGC were proposed in this study for the application of estimating missing daily rainfall data. These methods were evaluated by comparing them to existing methods. Eighteen rainfall stations in Peninsular Malaysia were used for the analysis. The performances of the methods were evaluated based on the comparison of error of the estimated and the observed values. Based on the least error measurements, the proposed ONRGC and NRTRGC methods were found to be the most appropriate methods in estimating missing daily rainfall data for the stations considered in this study compared to the existing ones. This shows that the adaption of the location element improved the performance of NR method. Therefore, the modified methods are highly recommended to be applied as an alternative method in any studies related to missing values, in particular. The degree of suitability of the proposed methods to other climatic variables (e.g. temperature) and time scales (e.g. monthly) needs to be determined and validated in future studies. 
